ABSTRACT. Cadmium (Cd) is produced mainly as a by-product of zinc mining. In Thailand, the largest zinc mine is located in the Mae Sot district, Tak Province. Samples of Monopterus albus were collected from paddy fields in 4 sites, three downstream and one upstream from the zinc mine. The upstream site was considered to be uncontaminated while the three downstream sites were considered to be contaminated with Cd. Studies on the accumulation level of cadmium were conducted on the liver of the fish using the atomic absorption spectrophotometer technique. The metallothionein (MT) gene expression level in the liver, as a potential biomarker for long-term Cd exposure in their natural habitat, was also assessed. The level of hepatic MT gene expression was performed by quantitative real-time PCR. The result showed that Cd accumulation in the liver was much higher in swamp eels collected from the downstream sites when compared to those collected from the upstream site. The hepatic MT level in the upstream site was 0.75-fold, 2 M. Wahid et al. Genetics and Molecular Research 16 (3): gmr16039748 while the other three downstream sites were 0.36-, 4.44-and 0.94-fold. There is no parallel correlation between hepatic cadmium levels and hepatic MT gene expression. This study then suggests that MT gene expression biomarkers might be not suitable for swamp eels with prolonged exposure to Cd.
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INTRODUCTION
Cadmium (Cd) is a heavy metal with no known biological function (Canli and Atli, 2003) . It is one of the major stressors in aquatic systems in consequence of its ability to accumulate in living things over time (Ivanina et al., 2008) . The major source of Cd discharge into the aquatic system is from non-ferrous metal mines. Cd contamination can be the result of mine drainage, waste water from ore processing, overflow from tailing reservoirs, and the run-off of rainwater from the area surrounding the mine. Thus, effluent flowing into local creeks and other water sources lead to extensive contamination downstream of the mining operation (IPCS, 1992) . In freshwater fish, Cd could be taken from the environment in three possible ways, i.e., gills, skin, and intestines through ingestion (Jalaludeen et al., 2012) . The essential metals such as copper, zinc, and iron, which are required for fish metabolism, must be obtained from the environment (water, food, or sediment). However, non-essential metals such as mercury, cadmium, and lead were found to be taken up via a similar route as essential ones thus leading to accumulation in fish tissue (Canli and Atli, 2003) . Upon uptake, the metals are then delivered to the internal organs via the blood. In the blood plasma, various proteins participate in metal binding and, following transport, to internal organs for utilization, storage, and excretion (Chowdhury et al., 2003) . After rapid clearance from the blood, Cd accumulates in several tissues in which the liver and kidneys tend to concentrate in higher levels the total content Cd of the fish body. The accumulation of cadmium in these tissues is probably due to their ability to synthesize the vast amount of metallothionein (Waalkes, 2000) . Metallothionein (MT) is a low molecular weight cysteine-rich metal cytosolic binding peptide, which plays an important role in the homeostatic of essential metals, such as zinc and copper, and the detoxification of non-essential metals, such as cadmium and lead (Cheung et al., 2004) . In the liver, Cd binds to already present MT by displacing zinc. Cd then induces the synthesis of new MT and then binds to it, thus protecting liver tissue from Cd toxicity (Nordberg and Nordberg, 2009) . When the liver reaches saturation of Cd, Cd-MT complexes are then released into the blood stream and are delivered to the kidneys as the main storage site of Cd (Klaassen et al., 2009) . MTs are strongly induced by heavy metals such as Cd; therefore, they are considered as a biomarker of metal exposure (Wangsongsak et al., 2007; Ivanina et al., 2008) . The remarkable characteristic of all MTs in the protein level is the presence of Cys-Cys, Cys-X-Cys, and Cys-X-X-Cys structural motifs, where X is the amino acid other than Cys . The largest zinc mineral source in Thailand and also an area with high levels of Cd contamination is located in the Mae Sot District, Tak Province (Thamjedsada and Chaiwiwatworakul, 2012) . Many studies have reported concerns regarding the contamination of Cd in this area. Simmons et al. (2005) found that soil samples obtained from rice field within Phratat Padaeng Sub District, Mae Sot, contain Cd in the range of 0.5 to 284 mg/kg. It is up to 114 times the Thai Investigation Level for Cd in soils. The rice grain in this area was also found to contain cadmium in the range of 0.05 to 7.7 mg/kg, exceeding the permissible level of Cd in rice, i.e., 0.2 mg/kg. Krissanakriangkrai et al. (2009) also reported that sediment and swamp eels in the Mae Tao River contain Cd that exceeds the maximum level allowed in sediment and fish. When fish are consumed by humans with high concentrations of Cd, around 3-7% of the ingested Cd is absorbed (Liu et al., 2015) . Therefore, the level of cadmium in aquatic organisms such as fish must be given attention. The swamp eel, Monopterus albus, is one of the more common fish consumed by people in Mae Sot District. It is a predator and scavenger in freshwater ecosystems, thus can accumulate more contaminants (Krissanakriangkrai et al., 2009 ). The present study investigated Cd accumulation in the liver as well as MT gene expression levels in the liver of the swamp eel. This study also examined the relationship between Cd accumulation in liver and hepatic MT gene expression.
MATERIAL AND METHODS

Study area and sampling collection
Thirty-two M. albus specimens were collected in July-August 2016 from four different paddy fields around the Mae Tao River, Mae Sot District, Tak Province, Thailand. The zinc mines are situated uphill of this river, along with the river path (Khaokaew and Landrot, 2015) . The paddy fields have been receiving water irrigation from the Mae Tao River, which passes through the zinc mine area (Simmons et al., 2005) . The Mae Tao River is regarded as the most worrying site for Cd contamination in Thailand (Netpae et al., 2015) . Site S1 (16°0. 40'36.55''N, 0.98°0.41'18.54 ''E) is located in Phratat Padaeng sub-district and was considered as an uncontaminated or less polluted site as it is located upstream and far from the zinc mine and the river. Meanwhile, sites S2, S3, and S4 were considered to be Cd contaminated and are located downstream from the zinc mine. Site S2 (16°0.39' 59.14''N, 0.98°0.36'56.19''E) and S3 (16°0.39'32.04''N, 0.98°0.36'38.31''E) are situated in Phratat Padaeng sub-district while site S4 (16°0.40'25.29''N, 098°0.36'01.37 ''E) is situated in Mae Tao sub-district. The study site is approximately 4-7 km downstream and is around 2-3 km upstream from the Zn mineralization zone (Figure 1 ). The individual samples were collected from each location and brought to the laboratory for analysis and their size varied in a range between 70-110 g. The fish samples were then euthanized using clove oil and then carefully cut open using sharp scissors. The livers were taken for metal analysis using atomic absorption spectrophotometer (AAS) Perkin Elmer. Slices of the livers were also taken for the MT gene expression analysis. After removing the livers, they were submerged in RNAlater (Ambion, USA) immediately to stabilize the RNA and kept at -20°C until used. Protocols for the animal experiments were approved by the Naresuan University Animal Ethics Committee with registration number NU-AQ590201.
Cadmium level analysis of the liver
The liver tissues of 2 swamp eels from each site were pooled to make a subsample (replicate). Four replicates were taken from each site. The livers were dried in an oven at 150°C to constant weight. The samples were ground, and 0.5 g of each dried tissue was placed into polyethylene tubes. Five milliliters of freshly prepared nitric acid-perchloric acid (10:4) was added to the sample and allowed to digest overnight at room temperature. Final digestion was done by putting the digestion tubes in a water bath and set to 100°C and then boiled for about 2 h until all the tissues were dissolved. The samples were cooled to room temperature, filtered, transferred to 25-mL volumetric flasks and deionized water was added up to mark (Al-Weher, 2008) . The digest solutions were transferred to plastic bottles before being analyzed using an AAS. According to Al-Weher (2008) , determination of any heavy metals including cadmium in the sample can be calculated using the formula:
Real concentration of the metal in the sample (mg/kg) = ppmR x dilution factor where ppmR = reading solution by AAS (ppm) and dilution factor = volume of solution (mL) / weight of the dissolved sample (g).
Fish RNA isolation, synthesis of the first-strand cDNA, 3'-RACE amplification cDNA, cloning, and sequence analysis Total RNA from the liver tissue was isolated by using the TRIzol reagent (Ambion) according to the manufacturer's protocol. Five micrograms of RNA was reverse transcribed with Tetro cDNA synthesis kit™ (Bioline, USA) using a dT-UPM primer (5'-AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT VN-3'). A gene specific primer was designed from a 32-sequence of the MT gene of fish in GenBank (NCBI). The 3'-rapid amplification of cDNA ends (3'-RACE) was performed to obtain the MT sequence. The Gene-specific primer (5'-ATGGAYCCYTGYGANTGCKCCAA-3') was used in conjunction with adaptor primer, UPM 1 (5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3'), to amplify 5'-and 3'-cDNA ends. The amplification was performed using Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Lithuania) with a reaction mixture consisting of 4 µL 5X Phusion buffer, 0.2 µL Phusion DNA polymerase, 0.4 µL 10 mM dNTPs, 2 µL of each 10 µM UPM-1 and gene specific primer, 2 µL cDNA template and nuclease-free water to adjust to 20 µL. The polymerase chain reaction (PCR) condition was as follows: an initial denaturation for 2 min and 30 s at 98°C, followed by 35 cycles of 15 s at 98°C for denaturation, 15 s at 60°C for annealing, 15 s at 72°C for extension and 5 m at 72°C for a final extension. The predicted size of PCR products was purified using RBC Real Genomics Hi Yield Gel/PCR DNA fragment extraction kit (RBC Bioscience, Taiwan) and, then, ligated into the pJET1.2/ blunt cloning vector (Thermo Scientific, USA) following transformation into Escherichia coli strain JM109 using the heat shock method. Transformed colonies were screened by performing PCR using primers under the same PCR conditions. The plasmid extraction was performed using GeneJET Plasmid Miniprep Kit (Fermentas, USA) and was sequenced by Macrogen (Korea). The sequences were then aligned using the Clustal Omega program (EMBL-EBI, UK) to obtain the MT gene sequence of M. albus. Protein prediction was performed using the ExPASy program (Swiss Institute of Bioinformatics) and compared to other reported sequences using BLAST (NCBI) to identify similarity. Multiple sequence alignments of deduced amino acid sequences and other reported fish MT sequences were generated using MEGA 5.05. M. albus and reported fish MT amino acid sequences were used to construct a neighbor-joining (N-J) phylogenetic tree using MEGA 5. 
Real-time PCR
Total RNA isolation cDNA synthesis
Two micrograms of isolated RNA from liver was reverse transcribed with Tetro cDNA synthesis kit TM (Bioline). The cDNA mixture was stored at -20°C until used in the real-time PCR.
Quantitation of MT gene expression by real-time PCR
Amplification and quantitation of cDNA were performed in the Swift Spectrum TM 48 Real-Time Thermal Cycler (ESCO Micro Pte. Ltd., Thailand). The primers of the MT gene were designed from the conserved region of previously cloned MT sequence. Meanwhile, the primers of the 18S rRNA gene were selected according to Hu et al. (2014) . The 18S rRNA gene of the swamp eel served as an internal control for normalization and samples from site S1 (reference site) served as a calibrator. The relative gene expression data were calculated using comparative Ct method (2 -∆∆Ct method) as described previously by Livak and Schmittgen (2001) . Amplification was carried out in a final volume of 20 µL containing 10 µL 2X SensiFAST SYBR (Bioline), 0.3 µL of each 10 µM forward and reverse primers, and 8.4 µL nuclease-free water. The primers of MT and 18S rRNA sequence for real-time PCR are listed in Table 1 . The real-time PCR condition was as follows: 95°C for 3 min, followed by 40 cycles of 15 s at 95°C, 15 s at 58°C, 15 s at 72°C. Each sample was run in triplicate and mean values were reported.
Statistical analysis
All data are reported as means ± standard error (means ± SE) value. One-way ANOVA was used for determining the significant difference in Cd and MT gene expression levels followed by Duncan multiple range tests for statistical comparison in each experiment. The Spearman correlation test was applied to study the correlation between hepatic Cd levels and hepatic MT levels. Significance is accepted for P < 0.05. Statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
Cd accumulation in the liver
The result of Cd accumulation in livers from 4 different sampling sites is summarized in Table 2 . The Cd level differed significantly between site S4 and the other three sites (S1, S2, and S3). Significant different of Cd level was also found between site S2 and site S1. The highest liver Cd levels were found in site S4 while the lowest were found in site S1. In general, the fish liver collected from the three downstream sites accumulated more Cd when compared to the fish liver collected from the upstream site. The trend of liver Cd accumulation according to the site was S4 > S2 > S3 > S1. 
M. albus MT cloning characterization
The MT mRNA sequence of 333 bp, which consists of a complete coding sequence and 3'-untranslated region (3'-UTR), was identified from swamp eel (M. albus). The MT cDNA sequence obtained from M. albus consists of a coding region in length of 180 bp encoding 60 amino acids with 20 cysteine residues and a 3'-UTR of 153 bp with a poly(A) tail. The β domain of M. albus MT protein comprises 9 cysteine residues and 11 cysteine residues in the α domain. The sequence contains Cys-X-Cys, Cys-XX-Cys, and Cys-Cys pattern (Figure 2) , which is the standard distribution of cysteine residues in this protein.
Comparison of M. albus and other fish MTs and phylogenetic analysis
The alignment of the amino acid sequence of M. albus MT shows similarity (identity) with other fish MTs ranging from 77 to 93% (Figure 3) . The MT gene of M. albus comprises 33% cysteine residues where their positions were found to be highly conserved among fish The protein sequences of M. albus and other fish MTs were subjected to phylogenetic analysis, which then shows the evolutionary conservation of various fish MTs and how distantly related they are (Figure 4) . 
Hepatic MT gene expression
Expression levels of MT in the liver of swamp eels collected from the 4 study sites are shown in Figure 5 . By using site S1 as the calibrator, it was shown that the hepatic MT gene was expressed in the samples from all study sites. Statistically significant differences in MT gene expression level were found between site S3 and the other three sites (S1, S2, and S4). The highest level MT mRNA expression was found in site S3 while the lowest level was found in site S4. Figure 5 . Quantitative expression of metallothionein in the fish liver, which was normalized using 18S, and site S1 (reference site) was used as a calibrator. MT gene expression levels having a different letter are significantly different, P < 0.05.
Correlation liver Cd-MT gene expression
Spearman's correlation coefficient showed moderate negative correlation and was not significant (R = -0.400, P > 0.05) between hepatic MT mRNA level and the hepatic Cd content. The hepatic MT gene expression levels did not follow the trend of Cd level in the liver. For example, hepatic Cd content from site S3 and site S2 showed no significant difference (P > 0.05, 6.70 ± 1.26 and 10.26 ± 3.04 mg/kg dw, respectively), while MT gene expression levels on these two sites were significantly different (P < 0.05, 4.44 ± 0.89 and 0.94 ± 0.43-fold of MT mRNA, respectively). Contrarily, no significant differences in MT gene expression was found between S1 and S4 (P > 0.05, 0.75 ± 0.13 and 0.36 ± 0.11-fold of MT mRNA, respectively) whereas the hepatic Cd levels from these two sites were the lowest and the highest and showed significant difference (P < 0.05, 1.10 ± 0.10 and 22.66 ± 2.60 mg/kg dw, respectively). Similar result was also found between site S1 and site S2 where the MT gene expression levels were not significantly different (P > 0.05, 0.75 ± 0.13 and 0.94 ± 0.43-fold, respectively) while the hepatic Cd levels from these two sites were significantly different (P < 0.05, 1.10 ± 0.10 and 10.26 ± 3.04 mg/kg dw, respectively).
DISCUSSION
The current study was carried out around Mae Tao Creek in four different locations. M. albus is one of the most common fish that can be found in the paddy fields; therefore, it has been suggested as an object of study for monitoring heavy metal pollution in the paddy fields (Yin et al., 2012) . This study revealed that the average Cd accumulation in the liver of swamp eels differed depending on the location. It showed that the swamp eel obtained from downstream sites (site S2, S3, and S4) accumulated much higher cadmium levels in the liver compared to those from the upstream site (site S1), indicating that the downstream site environment might be contaminated with more Cd compared to the upstream site. This view is supported by the previous study by Weeraprapan et al. (2015) who found that the Cd levels in the sediment of Mae Tao Creek, which is located downstream of the zinc mine, were much higher than in the sediment collected from upstream of the zinc mine areas. As the Mae Tao River accepts water from the zinc mine, it is apparent that the source of Cd is the zinc mine (Weeraprapan et al., 2015) . This is also in line with Thamjedsada and Chaiwiwatworakul (2012) who reported that Cd in the sediment of Mae Tao Creek tends to be higher in downstream sites from the zinc mine both in the dry and the wet seasons. Since site S1 is located far above the zinc mine, it receives irrigation water, which has not passed the zinc mine area, thus minimizing Cd contamination. Sites S2, S3, and S4, on the other hand, receive water from the river, which passes through the zinc mine compound that is highly contaminated with Cd. Some mining activities such as drilling, material transfer, the removal of mine tailings, and drainage may influence the contamination of the environment with Cd (Netpae et al., 2015) . Cd is classified as a heavy metal, which is non-biodegradable and non-thermodegradable, and hence it readily accumulates to toxic levels (Taghipour et al., 2012 ). This heavy metal can then cause heavy metal pollution in bodies of water through deposition and is incorporated in water, sediment, and aquatic life (Abdel-Baki et al., 2011) . Apart of being located downstream from the zinc mine, for the downstream sites, the distance of the sites from the Mae Tao River seems to affect the Cd accumulation levels in the liver of the swamp eels. The liver accumulated Cd at the highest levels in sites S4 and S2, as these sites were closest to the Mae Tao River (Figure 1 ) while site S3 has a lower level of hepatic Cd as it is located farther from Mae Tao River than the other two sites.
In the current study, the MT gene sequence was cloned and identified from the liver of swamp eel. Several features in M. albus MT protein sequences showed the typical characteristics of fish MT; for instance, the length of MTs, in which most of the teleost MTs contains 60 amino acids, except for metallothionein A from rainbow trout and Atlantic salmon, which contain 61 amino acids, and also for white sturgeon and lake sturgeon, which contain 63 amino acids (Doering et al., 2015) . In mammalian MT, the last Cys-X-Cys-Cys motif in α domain becomes Cys-XXX-Cys-Cys in fish MT, which marks the difference between mammalian and fish MT protein sequences (D'Auria et al., 2001 ). This protein also shows another typical MT characteristic such as the absence of aromatic amino acid and the presence of 5 glycine residues (Ceratto et al., 2002) . Multiple sequence alignments and phylogenetic tree analysis of our MT M. albus protein and other known fish MT protein showed that the protein shared a high similarity with other fishes.
The MT gene expression of swamp eel liver was then determined quantitatively using real-time PCR. The most intense MT synthesis is usually observed in the liver, which is probably related to its function as a major detoxification organ (Kovarova et al., 2009 ). Yang et al. (2014) also noted that the MT gene was detected in all eleven tissues (gills, heart, skin, spleen, head kidney, blood, kidney, stomach, intestine, brain, and liver) of healthy black porgy, indicating that MT mRNA was ubiquitous in various tissues; however, liver has the highest MT gene expression. The liver was thus chosen as the subject organ in the present study. In the present study, the MT expression level was used in an attempt to understand its suitability as a biomarker of metal exposure (especially Cd) as it is frequently used in pollution monitoring programs (Quirós et al., 2007) . Hepatic MT gene expression was observed in all study sites including uncontaminated sites and/or in the lowest hepatic Cd level samples, implying that Cd detoxification is not the only role of MT and/or that the constitutive expression of MT is a basal level of protection from Cd toxicity (Timmermans et al., 2005) . It has previously been suggested by Bourdineaud et al. (2006) who found that under low contamination stress, the purpose of the MT gene induction was to compensate MT degradation rather than to increase metal sequestration capacities as expected. This is suitable for the role of MT gene induction regarding zinc homeostasis rather than to metal detoxification. Metallothionein is expected to be induced under conditions of elevated metal concentrations, allowing more binding sites to sequester the metal ions and preventing potential adverse effects (Langston et al., 2002) . Some studies in a variety of fish such as killifish (Van Cleef-Toedt et al., 2001) , silver barb (Wangsongsak et al., 2007) and grass carp (Tan et al., 2016) showed the elevation of MT expression level after being exposed to Cd. In the current study, the highest MT gene expression of the liver was found in site S3 of 5.92-fold followed by site S2 of 1.25-fold compared to site S1 (reference site). Earlier field studies have shown that hepatic MT gene expression of Oreochromis niloticus was found to be higher in heavy metal polluted fish farms (Abumourad et al., 2013) . Interestingly, the present study showed no parallel correlation between MT gene expression levels and hepatic cadmium content. The current study revealed that the lowest expression of 0.48-fold (compared to S1) was found in S4, which turned out to be the highest hepatic Cd level site. This is in agreement with the findings of Shariati et al. (2011) who found that the Cd levels in the liver of Persian sturgeon increased as the Cd concentration and time exposure increased; however, MT protein level increased only in short period (4 days) after being exposed to Cd, and there was no significant change of MT protein level between 4-and 14-day treatment groups. The accumulations of Cd in the liver might exceed its regulation capacity, leading to disruption in the induction of MT synthesis and eventually loss of the correlation between MT and Cd levels as found at lower exposed concentrations (Shariati et al., 2011) . When the metal level has surpassed the capability of an animal to produce MT, the metal may bind to high molecular mass proteins, but with a weaker affinity than the Cd toxicity may follow (De Boeck et al., 2003) . For this reason, MT gene expression biomarker was probably more sensitive and suitable for acute (shortterm) exposure but not for chronic (long-term) exposure to heavy metals (Quirós et al., 2007; Rhee et al., 2009 ). However, in other species such as springtail, the animal might develop Cd tolerance after chronic exposure by increasing the basal level of MT gene expression. It was proved by the higher expression of MT basal levels of this animals' population collected from a metal-contaminated environment, compared to those obtained from a clean environment, even after the animals have been cultured in a laboratory with clean food for several generations (Timmermans et al., 2005) . Earlier laboratory studies by Kovarova et al. (2009) , in which the hepatic MT protein in carp reached its maximum level (>130 ng/g) in lower exposure to Cd (2.5, 5, 7.5 mg/L CdCl) yet hit the low MT levels (<50 ng/g) in conditions with the highest exposure to Cd (12.5 mg/L CdCl) and control groups (Cd-free treatment) in all time periods of exposure (24, 48, 72 , and 96 h). Wangsongsak et al. (2007) also demonstrated that during 56 days of exposure of silver barb to three series amounts of Cd, i.e., 0.012, 0.06, and 0.12 mg/L, consecutively, the hepatic and renal MT mRNA expression increased significantly upon the exposure and reached its highest expression at 28 days. However, MT expressions both in liver and kidney gradually dropped after 35 days. Hepatic MT and renal MT expressions remain high and low, respectively, after fish removal to Cd-free water for 4 weeks. The induction and synthesis of MT and its binding capacity are restricted (Kovarova et al., 2009 ). This matter has also been observed in human monocytes exposed to CdCl that showed that 10 µM Cd
2+
, which induced significant toxicity, induced significantly less MT mRNA than 1 µM Cd
. It was then thought that MT levels perhaps have to be in a relatively narrow range to mediate the induction of activation; either increasing or decreasing those levels would cause negative effects. Another possible hypothesis that has been proposed is that heavy metal exposure might affect the other expression of genes in addition to MT's induction. The non-MT factors induced by metal might act on their own or in concert with MT to inhibit the activation potential (Koropatnick and Zalups, 1997) . MT was found to be strongly induced by Cd in the laboratory (Wangsongsak et al., 2007) and field condition (Fernandes et al., 2008) ; however, not every species of fish is suitable for bio-monitoring (Kovarova et al., 2009) . It was reported that MT was suitable as a bioindicator for monitoring heavy metal pollution in brown trout, but not in European eel (Linde et al., 2001) . In animals, it is thought that the increase of susceptibility to Cd toxicity is usually associated with the inability of the animal to synthesize MT (Włostowski et al., 2008) . Wu et al. (2006) observed that three species of fish, i.e., Acrossocheilus paradoxus, Oreochromis mossamibicus, and Chanos chanos, appear to have a different tolerance to Cd. It is possibly due to different Cd accumulation rates and the ability to synthesize the supplementary MT in each species (Wu et al., 2006) . Furthermore, several stressors -other than metal -have been reported to predispose the MT mRNA synthesis. Yang et al. (2014) reported a significant increase in MT gene expression in black porgy after 48 h of bacterial infection, suggesting that the MT gene in this species is involved in the immune-associated response. Abdel-Tawwab and Wafeek (2014) observed that the temperature significantly increases the MT levels in respect to the increase in Cd accumulation. Rhee et al. (2009) indicated that some significant factors, such as age and gender, were found to affect the MT gene expression level of Kryptolebias marmoratus (Mangrove killifish). It is worth noting that, with swamp eels, it was not always possible to distinguish the gender or estimate the age precisely. Besides, the variation of swamp eel size in this study may be related to the variation of accumulated Cd thus affecting the MT gene expression level. Even though, MT mRNA expression can be stimulated by various stressors, hepatic MT in eel (Anguilla anguilla) was found to be strongly correlated with hepatic heavy metal, even after taking other variables (sizes and seasonal variations) into consideration, indicating that the MT is a good biomarker for heavy metal contamination (Bird et al., 2008) .
CONCLUSION
From this study, we concluded that high hepatic Cd levels in downstream sites were attributed to the Cd accumulation in swamp eels living in paddy fields irrigated with Cdcontaminated water from the upstream zinc mine. This study suggests that Cd may induce MT gene expression within certain range levels only, which could be due to the prolonged duration of exposure and high concentration exposure to Cd. Cd accumulation might have exceeded the limit of its regulatory capacity resulting in the restriction of MT mRNA synthesis. Furthermore, some intrinsic and extrinsic factors need to be taken into consideration. Therefore, before the application of the MT gene expression biomarker in the natural environment, it is important to develop laboratory studies to provide data regarding the basal and maximum induced levels of swamp eel MT mRNA and also environmental variables that may regulate MT gene expression in this species.
